Abstract The understanding of electrical breakdown in atmospheric air across micrometer gaps is critically important for the insulation design of micro & nano electronic devices. In this paper, planar aluminum electrodes with gaps ranging from 2 µm to 40 µm were fabricated by microelectromechanical system technology. The influence factors including gap width and surface dielectric states were experimentally investigated using the home-built test and measurement system. Results showed that for SiO2 layers the current sustained at 2-3 nA during most of the pre-breakdown period, and then rose rapidly to 10-30 nA just before breakdown due to field electron emission, followed by the breakdown. The breakdown voltage curves demonstrated three stages: (1) a constantly decreasing region (the gap width d <5 µm), where the field emission effect played an important role just near breakdown, supplying enough initial electrons for the breakdown process; (2) a plateau region with a near constant breakdown potential (5 µm< d <10 µm); (3) a region for large gaps that adhered to Paschen's curve (d >10 µm). And the surface dielectric states including the surface resistivity and secondary electron yield were verified to be related to the propagation of discharge due to the interaction between initial electrons and dielectrics.
Introduction
As electronic devices and circuits continue to be further miniaturized, devices with high voltage applied across small air gaps are under increasing failure threat of electrical breakdown [1, 2] . The microelectromechanical systems (MEMS) usually operate at applied potentials ranging from hundreds to thousands of volts. The high voltage across micrometer scale gaps in MEMS devices would lead to an extremely high electric field (even above 10 8 V/m) and cause electrical breakdown between two close conductors [3] . The discharge would result in unexpected currents (especially for those devices driven by electrostatic force), degrade the performance or completely destroy the devices. Recent studies have focused on the breakdown phenomenon which occurs at micron-scale dimensions, where two electrodes exposed to air are spaced less than 20 µm apart [4] . Therefore, a thorough understanding of how breakdown occurs in the micrometer gaps is very important in reducing the risk of device failure.
Gaseous breakdown in large gaps can be predicted and explained by Paschen's law which is mainly based on the Townsend avalanche mechanism and was first introduced by Friedrich Paschen in 1889. However, it has been known that Paschen's law fails at the micron-scale for over half a century due to electron field emission [5] . This phenomenon occurs when electric fields become sufficiently large so that electrons begin to tunnel out of the cathode into the discharge.
While the previous experiments employed pointto-plane and sphere-to-sphere arrangements with millimeter-scale electrodes [5−10] , the electrical breakdown between planar MEMS electrodes, where both the electrodes are on the surface of a substrate, has also been a topic that has received increasing attention. Several authors have studied DC breakdown between parallel electrodes at micrometer and sub-micrometer gaps. Strong et al. [3] recently studied specifically designed shapes for planar, polysilicon electrodes on Si substrates and investigated tip diameters ranging from 2 µm to 20 µm at gaps from 2 µm to 7 µm. They suggested that processing and surface roughness play significant roles in affecting the local electric field because of geometric effects, and also found that the Townsend avalanche rather than field emission drove * supported by Research Funds of State Key Laboratory of Electrical Insulation and Power Equipment (Xi'an Jiaotong University) of China (No. EIPE14107) the discharges. Al Wallash and Larry Levit [11] studied the chrome planar electrodes deposited on an insulating glass substrate with micrometer and sub-micrometer gaps and concluded that it was field electron emission rather than the Townsend avalanche that initiated the breakdown. Chen et al. [12] studied the breakdown of aluminum and silicon planar electrodes at gaps ranging from 2 µm to 21 µm. They found a critical transition region from the Townsend avalanche to the field emission mechanism which was between 3 µm and 7 µm for aluminum electrodes, while the discharge between silicon electrodes still followed the traditional Paschen's law. Patrick Carazzetti and Herbert R. Shea [13] studied the electrical breakdown at low pressure for planar interdigitated aluminum electrodes deposited on insulating silica substrates with gaps from 10 µm to 500 µm. Their works focused on the gap pressure and gas type on breakdown voltage, concluding that the many length scales in a planar geometry lead to the superposition of several Paschen's curves. D B Go et al. [14] studied planar highly graphitic polycrystalline diamond (HGPD) electrodes, which were fabricated on both silicon and quartz substrates. They found that for the HGPD electrodes the current exhibited a field emission mode while the quartz substrate showed that an Ohmic silicon substrate emission current could sustain in the pre-breakdown regime before the occurrence of sparks or breakdown, but titanium planar ionization devices were unable to operate at any appreciable current without the formation of spark discharges. Radmilovic-Radjenovic et al. [15−17] have published a series of papers using numerical simulations to predict the breakdown voltage in small gaps including the effects of high field and ion-enhanced field emission. A. Venkattraman and A. A. Alexeenko [18] have also simulated the discharge process at micrometer gaps using the particle-in-cell/Monte Carlo collision method to quantify micron-scale ionization and space-charge enhancement of field emission. R. C. Sterling et al. [19] have demonstrated that by using silicon nitride instead of silicon dioxide as a dielectric in microfabricated devices the flashover voltage in vacuum can be significantly improved.
Although micron-scale discharge has been studied for more than a decade, our understanding of the fundamental physics is still limited due to the reduced dimension, complicated transient behavior, and rapid collision in a few micrometer gaps, especially for those planar MEMS structures in which the effect of the surface dielectric states could not be ignored.
This paper focuses on the effects of gap widths and surface dielectric states on the electrical breakdown of planar aluminum electrodes in atmosphere air which are fabricated by MEMS technology. The effects of gap widths and the surface dielectric state are experimentally investigated. For this purpose, test samples with different gap widths (from 2 µm to 40 µm), and different dielectric layers (SiO 2 , Si 3 N 4 and borosilicate glass) are studied by measuring the pre-breakdown current response and the breakdown voltage thresholds through a home-built test and measurment system. Consequently, the effects of surface dielectric states in planar MEMS devices are taken into account and the corresponding breakdown characterizations are obtained so as to provide technical guidelines for the insulation design and applications of MEMS devices.
Experimental details of electrode fabrication
As a first step, aluminum electrodes were fabricated with a 400 nm thickness on an insulating layer. Three types of dielectric materials, namely SiO 2 , Si 3 N 4 and borosilicate glass (Pyrex glass), were chosen as the materials to prepare the insulating layer in the experiments. The Pyrex glass is a mixture of (as a percentage of weight) 4.0% boron, 54.0% oxygen, 2.8% sodium, 1.1% aluminum, 37.7% silicon, and 0.3% potassium. Except for the available Pyrex glass, SiO 2 layers and Si 3 N 4 layers were fabricated on monocrystalline silicon wafers in an oxygen atmosphere and nitrogen atmosphere, respectively. Then a photoresist layer was formed by the spincoating process and photographically defined into the mask for patterning the electrodes by the ultra violet exposure method. Aluminum was sputter-deposited from a pure aluminum target on the insulating layer to form a 400 nm metallic film. The deposited aluminum upon the photoresist was then removed and an aluminum electrode with a designed pattern was left on the surface of the substrate after the lift-off process. In order to ensure the uniqueness of the discharge path, the electrode was designed in the shape of semi-circle. Finally, all test samples were confirmed for dimensional tolerances of ±0.2 µm on gap width due to the inherent process uncertainty. All the above procedures were carried out in a dust free room with constant temperature and humidity. Fig. 1(a) shows the scanning electron microscope (SEM) micrograph of a fabricated sample with an electrode gap of 6 µm, and Fig. 1(b) is an SEM close-up of the patterned aluminum electrodes with smooth and vertical walls enabled by the lift-off process.
Experimental setup
The DC breakdown characterizations presented in this paper were acquired with the test and measurement system shown in Fig. 2 . The experimental system consisted of an electrometer/high resistance meter (Keithley Model 6517B), and a set of stage manipulators with probes. The meter was employed as the voltage source and the picoammeter. The manipulators were employed to provide electrical contact on the electrodes. In addition, a high-performance oscilloscope (LeCroy Model 104MXs-B with sampling rate of 10 GS/s) was employed for the signal acquisition and record. The system could offer up to ±1 kV di-rect voltage and accurate current measurement ranging from 1 fA to 20 mA. A data-acquisition program coded in LabVIEW language, copyrighted by National Instrument Co., was employed for controlling the voltage source and recording the real-time electrical current between the electrodes. A Rogowski coil with a bandwidth from 400 Hz to 250 MHz was used to detect the current pulses caused by electrical breakdown. In the experiment, each ramp (bias applied on the electrodes) was from 0 V to the maximum voltage, and the ramp time was 1 s. The maximum voltage applied was increased in steps of 1 V automatically. When the peak of the ramp reached a critical value, a spark discharge occurred and the gap broke. In this study, the valid breakdown voltage is defined as the conditions that a substantial electric current occurs while an abrupt voltage drop, which is electrically similar to the short-circuit condition, is measured across the gap. The corresponding voltage value is regarded as the breakdown voltage threshold. Furthermore, all the tested samples are observed by an SEM for analysis of the discharge process.
Although all the samples were fabricated with the same material and procedures, individual differences were still unavoidable. To ensure the accuracy of experimental results, 10 samples were tested for the same experimental condition and the arithmetic mean was taken as the breakdown threshold. Moreover, the temperature, humidity and pressure of the environment were always kept constant in order to avoid any influence on the breakdown characterizations.
3 Results and discussions 3.1 Pre-breakdown current response As the voltage is applied from zero to the threshold U 1 , the pre-breakdown current between electrodes comes to saturation and maintains at a low level of 2 nA to 3 nA for SiO 2 and 5 nA to 6 nA for Pyrex glass, respectively. As the applied voltage is further raised from U 1 , the current increases rapidly along with the applied voltage, which reaches up to the level of 10 nA to 30 nA for SiO 2 and 9 nA to 15 nA for Pyrex glass, indicating the transfer of charges across the air gap for the present samples. Then the current across the gap grows to about 20 mA and electrical breakdown occurs. The threshold voltage U 1 is about 425 V for SiO 2 and 410 V for Pyrex glass, which may cause field emission at sharp surface asperities due to a highly enhanced field. The field emission would introduce more potential avalanche-initiating electrons, which may participate in the discharge process along the surface of the dielectric layer.
The phenomena of electrons emitting from the surface of solid material due to high electric field intensity are known as the field emission (FE) effect. It is found that there is obvious electron emission when the field intensity reaches the threshold of E=10 8 (V/m) [20] . Fowler and Nordheim developed the Fowler-Nordheim Equation to explain the field electrons emission phenomena on the basis of quantum theory, considering that the high field intensity lowers the surface potential barrier of solid material and results in electrons emitting from the surface without gaining extra energy. The Fowler-Nordheim Equation could be used to determine whether the current flow is attributed to field emission electrons [12] . The Fowler-Nordheim Equation is shown as below:
where E is the electric field intensity, φ is the work function, θ(y) and t 2 (y) are the correction factors which are values of the order of magnitude of unity, A and B are constants [21] . Therefore, the field emission current can be described as:
Here E=βE 0 =βV /d, E 0 is the average field intensity, β is the field enhancement factor, V is the applied voltage and d is the gap width between anode and cathode. So it can be deduced that the expression ln(I/V 2 ) is inversely proportional to Bdβ −1 φ 3/2 (1/V ), i.e., there is an inversely linear relationship between ln(I/V 2 ) and (1/V ), which serves as the proof of field electron emission [22] . Fig. 4 shows typical F-N plots of samples with SiO 2 layer and Pyrex glass. The plots exhibit positive slopes when the applied voltage is less than the breakdown threshold, indicating that the field electron emission is not the primary factor in the stage. However, the details of the plots near breakdown are also carefully checked in Fig. 4 and they show negative slopes just before breakdown. Therefore, it can be inferred that the electron impact ionization and secondary electron emission play a major role when the applied voltage is less than breakdown thresholds and the field emission plays a major role the moment just before breakdown. It is in good agreement with the transformation of the prebreakdown current shown in Fig. 3 . Note the change from a positive slope to a negative slope, indicating the development of significant field emission induced prebreakdown current near the breakdown. In summary, the pre-breakdown contributions to discharge initiation include electron impact ionization, secondary electron emission, and field emission in the total discharge current in microgaps [23] . 
Effect of the gap widths on breakdown
Fig . 5 shows the breakdown voltage as a function of gap widths for SiO 2 substrates. The minimum breakdown voltage was about 408 V at 2 µm, which is even higher than the 326 V minimum in the Paschen's curve. It is thought that the planar geometry resulted in the difference. Similar results are also obtained in other works involving such planar MEMS electrodes [11, 12] . In addition, experiments have typically shown three broad regimes for the microscale atmospheric pressure breakdown curve −− a constantly decreasing region (d <5 µm), a plateau region with a near constant breakdown potential (5 µm < d <10 µm), and a region for large gaps that adheres to Paschen's curve (d >10 µm) [24] , indicating that the transition point is at about 5 µm. The phenomenon that the relationship between breakdown voltages and gap widths fits well with Paschen's law when the gap is larger than 10 µm and this is consistent with the observations of other researchers. Al Wallash and Larry Levit [11] also presented similar trend for chrome microelectrodes, which showed that the plateau region located between 2 µm and 4 µm with a knee at 2 µm. In addition, the field electrons emission dominated the breakdown process when the gap was 0.9 µm, which had been proved by Fowler-Nordheim plot. Chen et al. [12] compared the breakdown characterizations of metal microelectrodes with silicon electrodes. They found that the field emission at atmospheric pressure would become significant if metal electrodes were adopted. However, the field emission seemed inconspicuous when silicon electrodes were adopted.
Effect of dielectric surface resistivity on breakdown
For planar MEMS structures, the discharge process is fundamentally affected by the surface, which is exposed to a variety of ambient conditions [25] . The properties of surface dielectrics are supposed to have great effect on the physical process and then alter the breakdown voltage significantly [26] . However, the effect of the surface dielectrics on discharge is rarely taken into account for the planar MEMS devices. In order to understand the mechanisms, test samples with an SiO 2 layer, Si 3 N 4 and borosilicate glass (Pyrex) that are widely used for dielectric insulation in the microelectronic industry were fabricated at gaps from 2 µm to 40 µm. The effects of surface dielectric state were such as surface resistivity, relative permittivity, and secondary electron yield of dielectric layers. Among them, the effects of surface resistivity and secondary electron yield were investigated in the experiments.
In order to avoid the effect of surface roughness of dielectric layers, test samples were fabricated carefully and the surface roughness of dielectrics was measured by atomic force microscope (AFM) before experiments. The AFM profile scans showed the surface regions (4 µm×4 µm) of SiO 2 , Si 3 N 4 and Pyrex glass in Fig. 6 . It could be seen that the surface roughness is approximately 1.6 nm, 1.8 nm and 3.2 nm for SiO 2 , Si 3 N 4 and Pyrex, respectively. Therefore, the surface roughness of the three types of dielectrics was of the same level according to the measurement data of the AFM, indicating the effect of the surface roughness could be ignored in the next research. Fig. 7 showed the average breakdown voltages of test samples for different dielectric layers. It was noted that the samples with SiO 2 layers show higher breakdown thresholds than those with Pyrex layers and Si 3 N 4 layers at gaps from 2 µm to 10 µm in general. Besides, the voltage curve of samples with Pyrex layers and Si 3 N 4 layers illustrated a little difference, which showed a decreasing regime from 10 µm to 5 µm and a plateau region from 5 µm to 2 µm.
The difference of breakdown thresholds may be due to the different dielectric surface resistivities. According to the theory of surface flashover along solid dielectrics in gases [27] , the emitted electron impacted the surface of the dielectric and caused an accumulation of surface charge under DC voltage excitation.
Charge accumulation on the dielectric surface modified the electric field distribution in the gap, which in turn influenced the initiation and propagation of a discharge. The process occurred between metal and dielectric surfaces even at micrometer scale gaps in planar MEMS structures [28] . However, the surface charge was difficult to measure at micrometer scale gaps so that the surface resistivity of dielectrics could be used for the evaluation of surface charge, especially under DC voltage excitation [29] . There was a great deal of evidence that larger surface resistivity would result in more severe accumulation of surface charge. The surface resistivities of SiO 2 , Pyrex glass and Si 3 N 4 were listed in Table 1 . It was clear that the surface resistivities of Pyrex and Si 3 N 4 were 1.689×10
15 Ω and 3.123×10
16 Ω, respectively, which were larger than Fig. 5 also demonstrated the trend that U (SiO2) > U (Pyrex) > U (Si3N4) . Therefore, it could be inferred that the dielectric layers with larger surface resistivity would cause much more charge accumulation and stronger local electric field enhancement, eventually resulting in lower breakdown voltages. This could explain the difference of the breakdown thresholds in Fig. 7 .
Effect of secondary electron yield on breakdown
Except for the surface resistivity, the effect of secondary electron yield of samples with a SiO 2 layer and an Si 3 N 4 layer was studied in this section. Note that the test samples were curved aluminum electrodes with a radius of 100 µm. The surface roughness of both dielectric layers was smaller than 2 nm according to the measurement data of the AFM given in Fig. 2 . The dependence of breakdown voltages on the dielectric types was collected in Table 2 . The obtained breakdown thresholds showed that the samples with a SiO 2 dielectric layer had larger breakdown voltages and better dielectric strength than the Si 3 N 4 layer, which confirms the effect of the dielectric surface state on the breakdown characterizations, which had been rarely reported in previous literatures. Fig. 8 shows the measurement results of secondary electron emission yield. It indicates that when the injecting electrons with the same energy impact the dielectric surface, more secondary electrons would be emitted from SiO 2 than from Si 3 N 4 , which is inconsistent with the lower breakdown voltage of the SiO 2 layer. Therefore, the state of surface dielectric across planar electrodes is an important factor in the discharge process.
In summary, the effect of the surface dielectric state on the electrical breakdown could not be ignored even in micrometer scale gaps. Due to the limitation of fabrication and measurement technology, the effects of gap widths, surface resistivity, and secondary electron yield were respectively investigated in this paper. Nevertheless, the results demonstrated obviously that the dielectric layer along the air gaps indeed made contribution to the discharge process in planar MEMS devices, as reported in Ref. [19] . 
Conclusion
In this paper, aluminum electrodes in planar MEMS devices fabricated with various substrate dielectrics and gap widths (from 2 µm to 40 µm) have been investigated. The pre-breakdown current response and breakdown voltages under a dc voltage are presented. Results show that for SiO 2 layers the current sustains at 2-3 nA during most of the pre-breakdown period, and then rises to 10-30 nA rapidly just before breakdown due to field electron emission until the breakdown occurs. The breakdown voltage curves demonstrate three stages: a constantly decreasing region (d <5 µm), a plateau region with a near constant breakdown potential (5 µm< d <10 µm), and a region for large gaps that adheres to Paschen's curve (d >10 µm). The FowlerNordheim plots indicate that the field emission effect plays an important role near breakdown, which supplies enough initial electrons for the discharge process. The surface dielectric states including the surface resistivity and secondary electron yield are verified to be related to the propagation of discharge due to the interaction between initial electrons and dielectrics. It is demonstrated that the larger surface resistivity of dielectrics would result in more severe charge accumulation on the dielectrics and then lower breakdown voltages. The larger secondary electron yield of dielectrics would result in more production of secondary electrons and electron avalanches, lowering the thresholds of breakdown. Our results are very promising for the insulation design of microfabrication applications such as NEMS, MEMS, quantum devices and field emitter arrays, where high electric fields are desired.
